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A unique layer of carbonate concretions within the Qusaiba Shale Formation, north-west of Tayma in 
north-west Saudi Arabia, is dated to the early Aeronian (within the lowermost magnus Biozone, 
close to the triangulatus/magnus Biozone boundary) based upon its diverse (18 species) assemblage 
of graptolites. This assemblage is dominated by biserial taxa, many showing current alignment. The 
studied concretion included a 6 mm thick layer composed entirely of graptolites, potentially 
significant, if laterally extensive, for the burial of organic carbon. Carbonates of a similar age occur in 
northernmost Saudi Arabia, suggesting that the concretions may be a useful stratigraphical marker 
and are likely to result from similar environmental conditions. A few localities on Avalonia and 
Baltica, in sections otherwise dominated by outer shelf or basinal clastics, also have limestone 
layers/concretions and/or unusually high incidences of preservation of shells (mostly orthocones) 
within the lower Aeronian. It is considered likely that the limestone layers and concretions resulted 
from dissolution then reprecipitation of carbonate from some of the shelly fauna. This may be a 
stratigraphically very early and poorly developed expression of the cephalopod limestone facies so 
characteristic of higher levels in the Silurian of peri-Gondwanan Europe and Gondwana. The 
deposition/preservation of the limestones occurred within the positive Early Aeronian Carbon 
Isotope Excursion (EACIE) which itself may reflect an interval of slightly lower eustatic sea-level. One 
new graptolite species, Paraclimacograptus crameri, is described, distinguished from Pa. libycus by 
its narrower rhabdosome. · Key words: Silurian, Aeronian, graptolite, concretions, carbon isotopes, 
Saudi Arabia, Qusaiba Shale, Gondwana. 
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The Qusaiba Shale Formation, of Llandovery (early Silurian) age, is the most prolific Palaeozoic 
source rock in Saudi Arabia. The recent discovery of a conspicuous horizon of graptolitic carbonate 
concretions within the lower, organic-rich part of the formation in an outcrop section in the Tabuk 
Basin, north-west Saudi Arabia (Abouelresh et al. 2020) is very important in demonstrating for the 
first time the presence of a distinctive marker layer within a sequence otherwise dominated by 
laminated green, dark grey and black shales.  
The aims of this paper are to describe the graptolite assemblage from this newly discovered 
concretionary layer, discuss the biostratigraphical significance of the graptolites, highlight the 
existence of similar diagenetic carbonates and shelly fossils at similar stratigraphical levels elsewhere 
and then briefly discuss these occurrences in relation to the carbon isotope record from other 




Depositional setting  
The studied locality lies on the Arabian shelf in the north-western part of the Arabian Plate, to the 
north and east of the Arabian shield (Fig. 1D). This area lay at approximately 45° South during the 
Llandovery (Torsvik & Cocks 2013). The locality is within the Tabuk Basin (Abouelresh et al. 2020). 
This basin was referred to as the Nafud Basin by both Lüning et al. 2000 and Aoudeh & Al-Hajri 1995, 
who separated it into two sub-basins: the Tabuk-Tayma embayment and ‘Ar’ ar Al-Jawf sub-basin. 
 
 
Previous stratigraphical work 
 
Mahmoud et al. (1992) described the reference outcrop section (Fig. 2) of the Qalibah Formation 
(now Group; see Halawani et al. 2013) between Al Qalibah and Tayma and thus in the same 
geographical area as the section studied by Abouelresh et al. (2020) that includes the carbonate 
concretionary horizon discussed herein. The Qusaiba Shale was at that time referred to as the lower 
member of the Qalibah Formation. Mahmoud et al. (1992) recorded the Qusaiba Shale as 256 m 
thick, with the lower 150 m being graptolitic. Above this level the strata are described (Mahmoud et 
al. 1992, fig. 6) as “devoid of graptolite fauna” (Fig. 2). Mahmoud et al. (1992) noted that the 
Qusaiba Shale includes a basal black, euxinic “hot shale” up to 70 m thick (Aoudeh & Al-Hajri 1995 
stated approximately 53 m maximum thickness at Tayma), but this “hot shale” is usually 9–31 m 
thick (Abouelresh et al. 2020). Mahmoud et al.’s (1992, fig. 8) palaeogeographical reconstruction 
shows the depositional area to have been approximately 225 km offshore from the littoral to non-
marine facies of the Arabian Shield. The depositional environment of the Qusaiba Shale is described 
as “shoreface to outer shelf”: lithologically, it shows an overall coarsening upwards trend (Fig. 2), 
with shale predominating in its lower, organic-rich part deposited on a “mud shelf”, and siltstones 
and fine sandstones dominating in its upper part representing the shoreface (Mahmoud et al. 1992, 
fig. 3). 
Legrand (in Mahmoud et al. 1992) provided a range chart of graptolites from the reference 
outcrop section. Most specimens were left in open nomenclature (i.e., identified questionably or to 
genus only). The lower 30 m yielded Dimorphograptus and Cystograptus vesiculosus (Fig. 2) and 
therefore are demonstrably of mid or late Rhuddanian age. Monograptus [now Demirastrites] 
triangulatus (Harkness) appears 92.6 m from the base of the section and occurs up to the point 
where the section becomes non-graptolitic at 150 m. These biostratigraphical data make it clear that 
the basal “hot shale” here is of Rhuddanian (but not early Rhuddanian) age and that the 31 m thick 
section studied by Abouelresh et al. (2020) must be above this Rhuddanian basal “hot shale”. It 
would seem very likely indeed that the boundary between Abouelresh et al.’s (2020) massive dark 
grey to black organic-rich shale and overlying green, purple and brownish organic-lean shale is 
equivalent to the 150 m level of Mahmoud et al. (1992). Chitinozoans from the Qusaiba Shale of well 
NWA8, near Tayma (Aoudeh & Al-Hajri 1995, fig. 2), were stated to indicate a late Rhuddanian to 
early Aeronian age, consistent with Legrand’s graptolite data. 
Previous work on the graptolites of Saudi Arabia is summarized in Williams et al. (2016) who 
provided range charts for more than 150 species of Llandovery graptolites from 132 cores, assigning 
the graptolite assemblages to 11 biozones. For operational confidentiality reasons, details of cores 
and horizons could not be provided. The lower Aeronian, the interval of relevance to the present 
paper, was divided into a Demirastrites triangulatus Biozone overlain by a Neodiplograptus [now 
Rickardsograptus] thuringiacus Biozone. The triangulatus Biozone was characterized by the presence 
of D. triangulatus sensu lato (the triangulate monograptids show considerable variation; they have 
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recently been revised by Štorch & Melchin 2018), Pribylograptus incommodus, Paraclimacograptus 
libycus, Rhaphidograptus toernquisti and, in the upper part of the biozone, Rastrites longispinus. 
Williams et al. (2016, p. 18) stated that the triangulatus Biozone “typically occupies a succession of 
about 2 m of black mudstones in Saudi Arabia.” This is very different from the 57 m+ thickness 
suggested by Legrand’s (in Mahmoud et al. 1992) data, and the implication is that this part of the 
Tabuk Basin hosts an unusually thick sequence of Llandovery strata. The overlying thuringiacus 
Biozone (0.3–9 m thick) was considered by Williams et al. (2016) to be correlative with the 
Neodiplograptus magnus Biozone of the British Isles, although Ne. magnus has subsequently been 
shown to have a significantly lower appearance than R. thuringiacus in the Hlásná Třebaň section, 
Czech Republic (Štorch et al. 2018, fig. 4). Williams et al. (2016) recorded high graptolite diversity (28 
species) from the thuringiacus Biozone, with the range of D. triangulatus sensu lato extending to the 
top of the biozone. Assemblages from both lower Aeronian biozones (and the Llandovery as a 
whole) included both geographically restricted taxa (such as Pa. libycus) and those (the majority) 
with a much more widespread distribution.  
Williams et al. (2016) stated that, in general, boreholes in north-west Saudi Arabia 
penetrated black shale successions recording continuous deposition on a distal marine shelf. Here 
graptolite assemblages were diverse, contrasting with the lower diversity (including stratigraphically 
long-ranging species) of central and eastern Saudi Arabia (and topographic highs in the north-west). 
Graptolite rhabdosomes within these low diversity assemblages were often current-aligned. 
Hayton et al. (2017) analysed in detail the Qusaiba Shale in northern Saudi Arabia, close to 
the borders with Iraq and Jordan (Fig. 1D). Within this they recognised a Qusaiba Aeronian hot shale 
(QAHS) within the triangulatus and lower magnus biozones with a maximum TOC of 14% at its base, 
but with TOC values mostly between 6 and 7%. Given the TOC values (up to 6.1%; Fig. 2) of the lower 
part of the outcrop section studied by Abouelresh et al. (2020) and its comparable biostratigraphical 
level (see below), it seems very likely that that the QAHS can also be recognised further south in the 
Tabuk Basin (Fig. 1D). The thickness of the QAHS in northern Saudi Arabia is approximately 9 feet 
(2.75 m) with the overlying unfossiliferous beds approximately 10 feet (3.05 m) thick before the first 
appearance of leptotheca Biozone graptolites (Hayton et al. 2017). There is therefore a maximum of 
5.8 m of combined triangulatus and lower magnus biozones, comparable to Williams et al.’s (2016) 
thickness data referred to above, and again very different from that recorded by Legrand (in 




The studied 31 m thick section (Figs 1A, 2), exposed at 27°52’57.19’’N, 38°31’44.86”, within a 3 km 
long ridge forming the north-west margin of the Tayma Graben, north-west of Tayma City, was 
described by Abouelresh et al. (2020, fig. 2) and consists (working upwards) of 10.5 m of organic-rich 
shale (maximum TOC 6.1%, average 3.17%), a layer of discontinuous graptolitic carbonate 
concretions between 10.5 m and 11.5 m (Figs 1B, C), then organic-rich shale again (maximum TOC 
3.09%, average 1.87%) up to 20.5 m above the base of the section, which is overlain by 7.5 m of 
organic-lean shale which coarsens up at its top to intercalated beds of siltstone/shale and then 
siltstone/sandstone which make up the remainder of the section (Fig. 2). Descriptions of the various 
lithofacies present in the section together with inorganic geochemical analyses are presented by 
Abouelresh et al. (2020) to which the reader is directed for further information. 
The calcareous graptolitic concretionary layer identified by Abouelresh et al. (2020) is 
approximately 1 m thick, with its top 9 m below the top of the organic-rich shale (Fig. 2). Field, hand 
specimen and thin section photographs of the concretions are provided by Abouelresh et al. (2020, 
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fig. 3E–H). The concretions are traversed by numerous branching calcite and pyrite veins. These, and 
other fractures within the rocks in the section, are discussed and illustrated by Abouelresh & 




On seeing the graptolites illustrated in the nodules by Abouelresh et al. (2020), the first author 
contacted the second author who then shipped previously collected material from the concretionary 
layer to the University of Portsmouth for study. The relatively unweathered core of one concretion 
was cut and polished (Fig. 3C). The remainder of the concretion was split to reveal graptolites that 
were studied and photographed using a Leica binocular microscope. The heavily weathered material 
surrounding the core to the concretion was examined also and yielded the orthocone material (Fig. 
3B). 
It was hoped that dissolution of pieces of nodule in dilute (10%) acetic acid would yield 
identifiable graptolite fragments, conodonts (sometimes very abundant in such limestones; 
Lubeseder 2008, p. 205 quotes 50–400 conodont elements per kg) and other phosphatic fossils. The 
residues, however, contained no identifiable fossils. 
 
 
The concretions and their fossil content 
The concretions were described as syngenetic or early diagenetic in origin by Abouelresh et al. 
(2020), who suggested that they formed close to the sediment/water interface at a time of no 
deposition or low sedimentation rate. The fact that, with the exception of the low relief specimens in 
the 6 mm thick graptolite-rich layer (Fig. 3E), all graptolites are flattened (three dimensional 
graptolites are well-known from very early diagenetic nodules from, for example, Sweden and Arctic 
Canada; see e.g. Loydell & Maletz 2004; Melchin 1998) presumably indicates the presence of 
overlying sediment causing compression of the graptolite rhabdosomes before concretion growth 
commenced.  
Within the unweathered core of the studied polished concretion, the fracturing obscures 
original lithological details in places, but the lamination, resulting from variations in grain size, 
composition, and organic content, can be clearly seen (Fig. 3C). 
The abundance of graptolites within the available samples is very variable. One 6 mm thick 
layer (Fig. 3E) contains so many graptolites that bedding surfaces are black, with individual 
graptolites almost impossible to distinguish; Fig. 3A). As noted by Loydell (2007a, p. 539) and Loydell 
& Large (2019, p. 321), if laterally extensive, such layers represent the synchronous burial of a 
considerable amount of organic carbon. Other layers (e.g. Fig. 3D) contain abundant, current aligned 
graptolites (such as were illustrated by Abouelresh et al. 2020, fig. 3G), with at least some specimens 
identifiable. Other layers lack graptolites or they occur in very small numbers.  
In addition to the graptolites, there are much less common, poorly preserved articulate 
(possibly pseudoplanktic) brachiopods a few mm in maximum size, together with several internal 
moulds of orthocone chambers (Fig. 3B). These are up to 4 cm in diameter. Orthoconic cephalopods 
have previously been reported from the Qusaiba Shale of north-west Saudi Arabia (e.g. by Helal 
1964, in which the Qusaiba Shale was referred to as the “Climacograptus-Orthoceratid Member”; by 
McClure 1988, p. 161, who referred to them being “more common and robust” than in Ordovician 
shales; and by Williams et al. 2016, p. 22). 
 
The graptolite assemblage and its significance 
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Identifiable graptolites total approximately 100 specimens. The assemblage is dominated by biserial 
graptolites – uniserial taxa are rare, each identified species being represented by a single specimen. 
Diversity is quite high with 17 species identified (including one new species). These are illustrated in 
Figures 4 and 5. Additionally there is a small fragment (not illustrated) of either Pernerograptus or 
Pribylograptus resulting in a total diversity of 18. Williams et al. (2016, p. 20) noted that in the 
graptolite assemblages from boreholes in NW Saudi Arabia diversity was often comparably high to 
that seen in the material described herein, but with uniserial (often spirally coiled) species being 
characteristic. This was not seen in our material, perhaps a result of sorting during transport and 
deposition.  
Figured graptolites are housed in the British Geological Survey Keyworth (prefix BGS). The 
graptolite species present (all identifiable material is illustrated in Figs 4 and 5) include Gondwanan 
endemics, particularly Paraclimacograptus libycus (Desio) (Fig. 4M), which is by far the most 
common species present, together with taxa that are generally restricted to core Gondwana and 
peri-Gondwanan terranes, such as Neodiplograptus fezzanensis (Desio) (Fig. 4F), and also those with 
a much more widespread distribution, extending to Avalonia and beyond, for example 
Rhaphidograptus toernquisti (Elles & Wood) (Fig. 4C), Normalograptus medius (Törnquist) (Fig. 4D) 
and Neodiplograptus peggyae Cullum & Loydell (Fig. 4E, O). 
Detailed descriptions of most taxa present can be found in recent publications (e.g. Štorch & 
Massa 2006; Loydell 2007b, 2011; Štorch 2015) and therefore are not included here. Two species 
present in the samples (Glyptograptus varians (Fig. 4A) and Metaclimacograptus serus (Fig. 4G)) 
have rarely been recorded since they were originally described (by Packham 1962 and Paškevičius 
1976 respectively), but the figured material agrees very well indeed with the original descriptions. 
The stratigraphical ranges of the species present enable assignment of the concretionary 
layer to a level within the lower Aeronian close to the boundary between the Demirastrites 
triangulatus and Neodiplograptus magnus biozones of the British biozonation. Williams et al. (2016) 
recognised a Neodiplograptus [now Rickardsograptus] thuringiacus Biozone above the triangulatus 
Biozone in Saudi Arabia, but Rickardsograptus thuringiacus (Kirste) was not encountered within our 
collections whereas Ne. magnus (Lapworth) (Fig. 4H) was. The key taxa present from a 
biostratigraphical viewpoint are: Neodiplograptus fezzanensis (Desio), the range of which extends 
from the middle Rhuddanian into the lower Aeronian and to within 5 cm of the FAD of Ne. magnus 
in the Hlásná Třebaň section, Bohemia (Štorch et al. 2018); the genus Demirastrites (Fig. 4N), which 
first appears at the base of the Aeronian (Štorch & Melchin 2018); Ne peggyae, previously known 
only from the Ne. magnus Biozone of Wales (Cullum & Loydell 1996); and Ne. magnus itself, which 
gives its name to a biozone in Britain (which has strata barren of graptolites both above and below). 
In the Czech Republic the triangulatus Biozone is succeeded by a Demirastrites pectinatus Biozone 
with the FAD of Ne. magnus approximately a third of the way through the triangulatus Biozone 
there. Thus, using the British biozonation (Fig. 6), the Saudi graptolite concretions would be assigned 




Other occurrences of lower Aeronian carbonates and/or shelly fossils within graptolitic clastic 
outer shelf and basinal sequences 
Mahmoud et al. (1992, p. 1501) stated that there is an “absence of carbonates in the Silurian 
sequence of the Arabian plate”. Subsequently, however, Ghavidel-syooki et al. (2011) described 
“embedded centimetre- to metre-thick carbonate concretions” within the “monotonous black to 
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greyish shale succession” of the (upper Hirnantian to Llandovery) Sarchahan Formation of the Zagros 
Mountains, Iran on the north-east margin of the Arabian Plate. Whether these carbonate 
concretions occur throughout the formation or are stratigraphically restricted is not made clear, 
although their figure 2 shows a single nodular horizon (biozone not stated) in the lower Sarchahan 
Formation of the Kuh-e Faraghan section. The same figure also shows “carbonate siltstones” within 
the middle Sarchahan Formation of the Kuh-e Gahkum section which must be late Aeronian or 
younger in age based upon the graptolites identified by Suyarkova (in Ghavidel-syooki et al. 2011) 
from underlying horizons and thus cannot be correlative with the concretionary layer being 
described herein. 
Much closer to our studied section, Hayton et al. (2017) recorded the presence of calcitic 
horizons within the lower Aeronian of northern Saudi Arabia close to the borders with Iraq and 
Jordan (Fig. 1D); one is shown on their figure 8 close to the boundary between the triangulatus and 
magnus biozones and thus at an identical level to the carbonate nodules from our outcrop section 
(Fig. 6). In these Arabian Plate examples, the carbonates occur in an otherwise entirely clastic 
sequence. The fact that the two Saudi examples occur at the same stratigraphical level suggests a 
comparable and widespread environmental change at this time.  
Interestingly, carbonates or unusually shelly horizons are also developed within outer shelf 
or basinal sequences in the lower Aeronian of Avalonia and Baltica (Fig. 6). In the Rheidol Gorge 
section, Wales (Avalonia) Challinor (1928) described an approximately 7.5 cm thick “shelly band in 
graptolitic shales” remarkable for its abundance of orthocones, with rare other shelly fossils, mostly 
bivalves. This occurs within the Demirastrites triangulatus Biozone, 6 feet (1.83 m) below a layer of 
calcareous nodules. Nothing comparable is present within the remainder of the Aeronian of the 
Rheidol Gorge section (Jones 1909).  
Bjerreskov (1975) described in detail the Llandovery strata and fossils of Bornholm (Baltica). 
Within the Aeronian, limestones occur only within the triangulatus Biozone (visible also in the 
Sommerodde-1 core studied by Loydell et al. 2017). A conspicuous increase in shelly fossils (bivalves, 
brachiopods and orthocone cephalopods) is recorded from the pectinatus Biozone. Neither 
limestones nor shelly fossils (transported or in situ) are recorded from higher levels in the Aeronian.  
The upper Rhuddanian–upper Aeronian Dobele Formation of Latvia (Baltica) comprises dark 
grey to black graptolitic shales, apart from a 0.7 m thick limestone with its base in the middle of the 
triangulatus Biozone; Demirastrites pectinatus is recorded 21 cm above its top (Loydell et al. 2003).  
The vast majority of lower Aeronian sections known, however, do not contain carbonates or 
an increased abundance of shelly fossils, so why the examples quoted here do, and whether this is 
more than just coincidental is uncertain. 
 
Early Aeronian environmental changes 
 A small magnitude positive carbon isotope excursion (CIE) has been widely recorded in the 
lower Aeronian (e.g. Melchin & Holmden 2006; Hammarlund et al. 2019 and references therein). 
This is referred to as the Early Aeronian Carbon Isotope Excursion (EACIE). As with other widely 
recognised CIEs, the EACIE presumably reflects globally significant environmental changes.  
It is interesting that in the Hlásná Třebaň section, Czech Republic (peri-Gondwanan Europe) 
the peak δ13C value of the Early Aeronian Carbon Isotope Excursion (EACIE) is from the sample 1.5–
1.6 m from the base of the section with Aeronian magnetic susceptibility also peaking at 1.6 m, 
immediately below the first sample containing Neodiplograptus magnus (Štorch et al. 2018). The 
implication is that significant environmental changes, which appear to have commenced at the 
Rhuddanian/Aeronian boundary, reached their peak at this time here (and elsewhere) that are not 
obvious in the lithological record (other than through an increase in magnetic susceptibility), at the 
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same time as carbonates were deposited and preserved in Saudi Arabia and in the sections in 
Avalonia and Baltica discussed above. 
Facies changes indicate that other Hirnantian and Silurian positive CIEs are associated with a 
fall in sea level (e.g. Loydell 2007a). Other occurrences of Silurian limestones with cephalopods have 
also been linked to intervals of lowered sea-level (e.g. Ferretti & Kříž 1995) and thus it is very 
tempting to suggest that a small fall in sea-level, insufficient to generate a significant lithofacies 
change in many sections (similar to the mid Rhuddanian sea-level fall discussed by Loydell et al. 2013 
which had no lithological expression in the studied Libyan section), but prompting deposition and 
preservation of carbonate in others, occurred early in the Aeronian. This is not what is shown on the 
published sea-level curve of Loydell (1998, which also did not include the mid Rhuddanian fall in sea-
level) – very little of the evidence (geochemical or lithological) had been published at that time. It 
appears that these more minor environmental changes, resulting in low magnitude isotope 
excursions, were insufficient to have a negative impact on graptolite diversity – the early Aeronian is 
associated with a major evolutionary radiation in the graptolites (and similar was ongoing in the mid 
Rhuddanian). The larger isotope excursions (early Sheinwoodian, mid Homerian, etc.), however, do 
all coincide with significant graptolite extinction events (Loydell 2007a). 
 
 
Source of the carbonate for the concretions 
Dissolution of some or all of the orthocone (or other) shells and local reprecipitation of the dissolved 
calcium carbonate seems the most likely explanation for the presence of the concretions at this level 
in the section. Cephalopod limestones are very well known from much higher in the Silurian (upper 
Wenlock to uppermost Přídolí) from peri-Gondwanan Europe (e.g. Ferretti & Kříž 1995) and core 
Gondwana (e.g. Lubeseder 2008), but not the Arabian Plate, probably because of the development 
here of coarser clastics above the Llandovery shales. These nodules may represent a stratigraphically 
early, poorly developed expression of this cephalopod limestone facies. 
Hayton et al. (2017) considered the origin of the carbonate horizon(s) in the lower Aeronian 
of northern Saudi Arabia and considered the possibility of “total crystallization and stylotization” of a 
bioclastic deposit (which would be the first to have been observed in the Qusaiba Shale) as being 
responsible. Although this explanation was “not favored”, there was further discussion of a biogenic 
origin. It was suggested that the preservation of shelly material might reflect the potential 
deepening of the CCD and that earlier in the Silurian because of cold temperatures, the CCD was 
shallower. This requires that the water depth on the Gondwanan shelf was sufficient for the depth 
of the CCD to have played a significant role in carbonate preservation. Boss & Wilkinson (1991) 
concluded that the depth of the CCD from the Cambrian to Devonian was probably approximately 1–
2 km, significantly deeper than the tens to at most a few hundred metres water depth likely for 
these shelf seas, although the low temperatures at this high latitude and high atmospheric CO2 levels 
may perhaps have raised the CCD to such very shallow depths. It is worth noting also that a previous 
name for the Qusaiba Shale was the Climacograptus-Orthoceratid Member, stated to be 
characterized by the presence in its lower part of “numerous graptolites” and “several cephalopods” 
(Helal 1964, p. 408). Helal’s log of his section 5 (approximately 200 km northeast of that studied 
herein and approximately 36 km north of Tabuk), however, recorded cephalopods from only one 
layer, 12.9 m above the highest recorded graptolites. If, however, cephalopods are present at more 
levels throughout the lower part of the member (as the member’s name implies) then Hayton et al.’s 





Genus Paraclimacograptus Přibyl, 1947 (sensu Russel et al., 2000) 
Paraclimacograptus crameri sp. nov. 
Figure 5A–D, F 
Holotype. – BGS FOR 6323 (Fig. 5A) from the lowermost Neodiplograptus magnus Biozone (lower 
Aeronian), between the 10.5 m and 11.5 m level (graptolitic concretionary horizon), Qusaiba Shale 
Formation from the section exposed at 27°52’10’’N, 38°34’35”, north-west of Tayma City, Saudi 
Arabia. 
Material. – Five specimens, preserved diagenetically flattened with original periderm variably 
present. All are proximal ends, preserved in obverse view. 
Etymology. – After Brad Cramer, who has done so much to reignite interest in the Silurian System. 
Diagnosis. – Paraclimacograptus with conspicuously asymmetrical proximal end. Rhabdosome width 
0.6–0.75 mm at th11 and 1.1–1.45 mm at th101. 
Description. – The rhabdosome is straight, the thecate portion up to 11.5 mm long. The proximal end 
is conspicuously asymmetrical resulting from the downward growth of th11 0.3–0.4 mm below the 
sicular aperture. The sicula is 1.15–1.4 mm long, with an apertural width of 0.25 mm. The sicular 
apex reaches to various levels on th21: from half way up to the top. The virgella is thin, up to 0.4 mm 
long. Several thecae have pronounced geniculate flanges preserved. The thecal apertures are 
generally deep, comprising just under half of the rhabdosome width. The length of the apertures 
increases distally where it approaches the length of the preceding straight or more frequently 
slightly concave supragenicular wall. The nema is clearly seen within the rhabdosome of all 
specimens. It is an unmodified rod-like structure in three specimens, whereas in two (Fig. 5A, C) it 
appears to expand or perhaps be embedded within a (partial?) median septum originating at the 
level of the aperture of th62. Whatever this is, there is no trace of it at the distal end of the longer of 
the two rhabdosomes possessing this structure (Fig. 5A). Rhabdosome width measurements are as 
follows: 0.6–0.75 mm at th11, 0.75–1.0 mm at th21, 0.8–1.15 mm at th31, 1.15–1.3 mm at th51, and 
1.1–1.45 mm at th101. Thecal spacing (2TRD, sensu Howe 1983) is 1.5–1.8 mm at th21, 1.5–1.7 mm 
at th31, 1.7–1.8 mm at th51, and 1.9–2.0 mm at th101. 
Discussion. – Paraclimacograptus species are well-known for exhibiting a high level of intraspecific 
variation in rhabdosome width (Štorch & Massa 2006; Loydell 2007b). Although only a few 
specimens are known, Pa. crameri would appear to be no exception to this. Despite this wide 
variation, Pa. crameri is significantly narrower distally than Pa. libycus, the species that dominates 
the remainder of the Saudi graptolite assemblage. Štorch & Massa (2006) recorded a rhabdosome 
width of 1.9–2.6 mm at the tenth thecal pair and Loydell (2007b) 1.7–2.55 mm at the same level 
(compared with 1.1–1.45 mm at th101 in Pa. crameri). As noted by Štorch & Massa (2006), Pa. 
brasiliensis (Ruedemann, in Maury 1929) is characterized by a largely parallel-sided, 2 mm wide 
rhabdosome, so is also significantly broader than Pa. crameri. 
 
Conclusions 
A layer of carbonate concretions within the Qusaiba Shale Formation, north-west of Tayma in north- 
west Saudi Arabia, is of early Aeronian (lowermost Neodiplograptus magnus Biozone) age. It 
contains a diverse (18 species) assemblage of graptolites, dominated by biserial taxa, many showing 
current alignment. The studied nodule included a 6 mm thick layer composed entirely of graptolites, 
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potentially significant for the burial of organic carbon. Carbonates occur at a similar stratigraphical 
level in northernmost Saudi Arabia, suggesting a similar environmental origin. A few localities on 
Avalonia and Baltica, in sections otherwise dominated by outer shelf or basinal clastics, also have 
limestone layers and/or unusually high incidences of preservation of shells (mostly orthocones) 
within the lower Aeronian. It is considered likely that the limestone layers and nodules resulted from 
dissolution then reprecipitation of carbonate from some of the shelly fauna. This may be a 
stratigraphically very early and poorly developed expression of the cephalopod limestone facies so 
characteristic of higher levels in the Silurian of peri-Gondwanan Europe and Gondwana. Deposition 
and preservation of the carbonate occurred during the Early Aeronian Carbon Isotope Excursion 
(EACIE). One new species, Paraclimacograptus crameri, is described, distinguished from Pa. libycus 
by its narrower rhabdosome. 
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Figure 1. A – The outcrop section of the Qusaiba Shale Formation described by Abouelresh et al. 
(2020) in the ridge forming the north-west margin of the Tayma Graben, north-west of Tayma City, 
Saudi Arabia, containing the concretionary horizon studied herein. See right hand side of Figure 2 for 
log of section. B – Concretionary horizon, with collected concretion arrowed. People (one in blue 
shirt) for scale. C – Lateral continuation of concretionary horizon. D – Map showing major geological 
structures within the Arabian Plate and location of studied section (star). Also shown (rectangle close 
to northern border of Saudi Arabia) is area studied by Hayton et al. (2017) referred to in the text. 




Figure 2. The Qalibah Group reference section (between Al Qalibah and Tayma) of Mahmoud et al. 
(1992) with ranges of the biostratigraphically important graptolites identified by Legrand (in 
Mahmoud et al. 1992) shown. The base of the Aeronian Stage is marked by the FAD of Demirastrites 
triangulatus; the co-occurrence of Cystograptus vesiculosus and Dimorphograptus near the base of 
the Qusaiba Formation indicates that these strata are of either mid Rhuddanian Cystograptus 
vesiculosus or late Rhuddanian Coronograptus cyphus Zone age. The black bar shows the 
stratigraphical extent of the section illustrated in Figure 1A at the same scale as Mahmoud et al.’s 
(1992) log, which is then expanded to the right to show lithologies and total organic carbon (TOC) 
content. The boundary between organic-rich, graptolitic and organically lean, non-graptolitic shale 
has been used for correlation – this correlation is strongly supported by the graptolite 
biostratigraphy. Note the horizon of the concretionary layer from which all of the graptolites 
described herein are sourced. QAHS = Qusaiba Aeronian hot shale; this was first recognised by 




Figure 3. Lithological specimens and orthocones from the carbonate concretionary layer. A – 
Bedding surface of the 6 mm thick graptolite-rich layer shown in cross section in Fig. 3E; 
rhabdosomes are so numerous that individual graptolites are unidentifiable. B – Internal mould of 
orthocone chamber. C – Cut and polished relatively unweathered core to the concretion shown in 
Fig. 1B; note extensive veining, conspicuous lamination, and the graptolite-rich layer. D – Part of 
bedding surface showing current aligned biserial graptolites. E – Close-up of the graptolite-rich layer; 
note that these graptolites are preserved in low relief; all others within the nodule are flattened. All 
scale bars represent 10 mm. In Figures 3C and E the sample was submerged in water to emphasize 
colours and contrast; as a result, some reflection is present along the broken edges of the nodule 




Figure 4. Graptolites from carbonate concretion in the Qusaiba Shale Formation. A – Glyptograptus 
varians Packham, BGS FOR 6307. B – Glyptograptus perneri Štorch, BGS FOR 6308. C – 
Rhaphidograptus toernquisti (Elles & Wood), BGS FOR 6309. D – Normalograptus medius (Törnquist), 
BGS FOR 6310. E, O – Neodiplograptus peggyae Cullum & Loydell: E – BGS FOR 6311; O – BGS FOR 
6321. F – Neodiplograptus fezzanensis (Desio), BGS FOR 6312. G – Metaclimacograptus serus 
(Paškevičius), BGS FOR 6313. H – Neodiplograptus magnus (Lapworth), BGS FOR 6314. I – 
Neodiplograptus posterior (Legrand), BGS FOR 6315. J – “Monograptus” capis Hutt, BGS FOR 6316. K 
– Normalograptus ajjeri (Legrand), BGS FOR 6317. L – Normalograptus rectangularis (McCoy), BGS 
FOR 6318. M – Paraclimacograptus libycus (Desio), BGS FOR 6319. N – Demirastrites triangulatus 
(Harkness) or Demirastrites campograptoides Štorch & Melchin, BGS FOR 6320. P – Campograptus 




Figure 5. Graptolites from a carbonate concretion in the Qusaiba Shale Formation. A–D, F – 
Paraclimacograptus crameri sp. nov.: A – BGS FOR 6323; B – BGS FOR 6324; C – BGS FOR 6325; D – 




Figure 6. Occurrences of carbonate concretions/nodules and noteworthy abundances of preserved 
orthocones within the Aeronian of Saudi Arabia and other sections in Avalonia and Baltica. In all 
cases these are graptolitic deeper water shelf or basinal environments. The entirety of the Aeronian 
is shown to emphasize the stratigraphical restriction of these occurrences. A generalized carbon 
isotope curve for the Aeronian (modified from Melchin et al. 2020 to fit the biostratigraphical scale 
used herein) is shown to highlight that these carbonate occurrences are within a minor positive 
excursion (the EACIE). More dramatic facies changes are associated with the sedgwickii Excursion, 
including in central Saudi Arabia the widespread deposition of coarse clastics (the Mid-Qusaiba 
Sandstone of Miller & Melvin 2005). Correlations are as precise as biostratigraphical data allow. 
What remains uncertain is whether the FAD of Neodiplograptus magnus is earlier in Gondwana and 
peri-Gondwanan Europe than on Avalonia and Baltica. This would affect the correlations slightly. 
Irrespective of this, it appears that environmental conditions in the early Aeronian favoured the 
formation of diagenetic calcium carbonate and the preservation of orthocones in some deeper 
water locations. 
